C lear organizational patterns on the genome have emerged from the statistics of population studies of fixed cells. However, how these results translate into the dynamics of individual living cells remains unexplored. We use statistical mechanics models derived from polymer physics to inquire into the effects that chromosome properties and dynamics have in the temporal and spatial behavior of the genome. Overall, changes in the properties of individual chains affect the behavior of all other chains in the domain. We explore two modifications of chain behavior: single chain motion and chain-chain interactions. We show that there is not a direct relation between these effects, as increase in motion, doesn't necessarily translate into an increase on chain interaction.
Introduction
The organization of chromosomes in the nucleus is intimately coupled with the regulatory machinery responsible for DNA transactions, including transcription, replication, and segregation. Recent developments in techniques to capture the conformation of chromosomes (3C and higher iterations) reveal with no ambiguity that the spatial distribution is non-random. [1] [2] [3] [4] [5] [6] The most parsimonious interpretation is one of neighborhoods, in which individual chromosomes reside. There are interactions with the nuclear periphery as well as preferred interaction between specific loci, such as highly transcribed regions, 7 or regions predisposed to translocation. 8 The challenge is deconvolving the organizational principles that emerge from the statistics of population studies of fixed cells into an individual living cell, where the chromosome is constantly wiggling and writhing within a very active nucleoplasm.
The complexity in deducing mechanism from population statistics is exemplified in the analysis of the Structural Maintenance of Chromosome (SMC) proteins from population studies vs. live cell analysis. 9 As shown in Figure 1 , the population analysis reveals highly overlapping patterns of condensin (Smc4) and cohesin (Scc1) throughout the centromere and surrounding region (Fig. 1A) . In contrast, single cell analysis (Fig. 1B) reveals a non-overlapping distribution with condensin (Smc4) along the spindle axis and cohesin (Smc3) radially displaced from the spindle axis (the spindle axis indicated by the spindle pole marker [Spc29]). 10, 11 This apparent discrepancy reflects the dynamics of DNA. In all cells, DNA is in constant thermal fluctuation. Even though cohesin and condensin in the pericentromere are spatially segregated, they bind on average to all DNA segments in the region. The behavior of single chromatin chains in live cells is then necessary to interpret statistical data from population studies.
Single chain dynamics are impacted by thermal as well as active non-directed processes. Both cohesin and condensin hydrolyze ATP and slide along the helical backbone. [12] [13] [14] Cohesin holds sister chromatids together either as a ring entrapping two strands or as a bracelet in which two rings each entrap one DNA strand, while condensin can supercoil and compact DNA. Chromatin remodelers and chaperones are also sliding, removing, re-organizing, and re-assembling nucleosomes. The transcription and replication machinery is a large source of motion; DNA and RNA polymerases generate considerable force (up to 40 pN) during processes of replication and transcription. Thus mechanical force plays a critical role in DNA metabolic processes. [15] [16] [17] However excessive force (>10 pN) can inhibit chromatin assembly in S-phase 18 or lead to chromosome breakage in mitosis (in chromosomes with two centromeres, known as dicentric chromosomes). 19, 20 It is therefore likely that forces on chromosomes are spatially as well as temporally regulated throughout the cell cycle.
On a macromolecular scale (visible in the light microscope), there are topologically associated domains (TADs) 21, 22 and a variety of "nuclear bodies" in which transcription and RNA modification factors are concentrated for specific loci such as the rDNA (nucleolus) and histone genes (Cajal bodies). 23, 24 Many of the nuclear domains are fluid in the sense that they are transiently assembled and disassembled through the course of the cell cycle. Through examination and modeling the dynamics of specific chromatin domains in cells we provide a statistical mechanical view of a living chromosome that will enable our understanding of how energy and structural information is stored and accessed in our genome.
Mathematical Model
Long chain polymers such as chromosomes are challenging to model, due to the wide range of length and time scales involved in their dynamics. 25 One of the problems for modeling is the vast number and breadth of polymer configurations, even though the large number of configurations contributes significantly to the entropy and therefore the elastic restoring force characteristic of polymeric systems. Even with robust algorithms, the complexity in the models must necessarily be reduced relative to what is present in vivo. Representation of the restoring force with springs, and modeling the polymer as a beadspring chain has proven valuable to understanding chromosome behavior. These coarse grained polymer models do remarkably well in capturing the large scale folding and organizational principles derived from population studies.
We develop a statistical mechanics model derived from polymer physics that contains the essential physics necessary to reproduce experimental observations in single cell experiments. In previous work, 26 we found that coarse graining of the dynamics of each chromosome arm into a double tethered bead spring chain, with the addition of excluded volume interactions and confinement by the cell wall, accurately recapitulates the thermal, and random ATP-dependent motion of chromosome spots observed experimentally. Only one spindle pole body is in focus (Spc29-rFp). Smc3-GFp is concentrated around the spindle, and appears as a hollow cylinder. pericentric cohesin (Smc3-GFp) is best modeled as a hollow cylinder surrounding the mitotic spindle (Stephens et al., 2013) . the diameter of the cohesin cylinder is ~500 nm, the cylindrical spindle ~250 nm. adapted from reference 11.
We model each chromosome arm as a bead-spring chain (as depicted in the Fig. 2 ). In the zero-mass limit, a balance of forces in bead i gives, Using linear spring and drag laws, together with a excluded volume potential described by a Gaussian distribution, gives the following evolution equation for the position of bead i,
The term in the left hand side comes from the drag force. The first term in the right hand side represents the intramolecular forces, in this case captured by a Hookean spring. The second term captures random motion due to thermal fluctuations. It is understood that because of ATP related mechanism inside the cell, the effective temperature differs from the room temperature. The last term in the right hand side describes the excluded volume interaction among the beads. The parameters z and d are nondimensional quantities that characterize the strength (z) and range (d) of excluded volume interaction, which takes the form of a Gaussian potential. 27 This term in equation (2) not only accounts for intrachain repulsion but also for inter-chain coupling due to the repulsion of beads belonging to different chains.
Variations in the chromosome properties can be described by different models parameters (Fig. 5 in ref. 26 ). For instance, nucleosome depletion is captured by the persistence length of the chains, L p , which in turns modifies the spring constant, defined as In addition, loss of cohesin was captured by an increase on the number of beads in each chain. 26 In this study we further explore changes in the properties of individual chromosomes and their effects in the overall organization and interaction of four chromosome arms. We consider the following model parameters: L p = 50 nm, z = 0.5, d = 1, 52 beads per chain, and the radius of the confining circle equal to 1 micron. While Eqn. (2) governs the motion of beads 2 to 51, beads 1 and 52 are fixed at the boundary and represent, respectively, the centromere and telomere sites. Since a chromosome arm is on average 250 kb, using 52 beads is equivalent to have beads separated by roughly 5 kb.
Chromosome Motion
We consider four different ways to analyze the dynamics of individual chromosomes and their interactions with the other chromosomes.
Mean-square displacement (MSD) and effective spring constants give insight into the dynamics of individual foci and variations within a chain. Mean square distance between beads and contact maps show spatial organization and probe chain-chain interactions.
Mean-squared displacement
The short persistence length of a chromosome (on the order of 50-200nm) relative to cytoskeletal polymers such as actin (L p = 15 µm) and microtubules (L p = 6 mm), results in a trajectory that is best described as a random walk. The chromosome is floppy and constantly stepping forward, backward, up and down due to thermal and non-thermal, ATP dependent fluctuations. Meansquare displacement measurements are a quantitative tool to deduce the nature of the driving force (random or directed) and the area of exploration (Rc).
The mean squared displacement (MSD) for a given lag time, τ, is defined as It can be shown that if the movement is a random walk, a log-log plot of MSD vs. lag time is a straight line with slope 1, MSD ~ τ. 28 However, live cell experiments have reported mean square displacements that behave as MSD ~ τ α , with α ≈ 0.4. 26, 29, 30 Processes that exhibit this type of behavior, α < 1, are called sub-diffusive. In the cell, this sub-diffusive behavior is due in part to molecular crowding. 31 In addition, there is also confinement of motion due to cell walls and tethering, resulting in a MSD plot that "plateaus" at large lag times. This plateau gives an estimate of the total area that can be explored, or radius of confinement, Rc. 26 MSD data from our modeling is shown in Figure 3 . The MSD for the beads close to the tethers (beads 2 and 51) show a smaller radius of confinement, while beads in the middle (bead 26) explore a much larger space. The exact MSD behavior depends not only on the chromosome (chain 1, 2, 3, or 4), but also on the position within a given chromosome (bead number). This difference is only evident at large lag times, which means that, at small lag times, all beads are behaving sub-diffusively and they are moving in the same medium. Single Rouse chains (our model without excluded volume, wall interactions and tethers) have an MSD scaling of MSD ~ τ 1/2 . 32 The fact that all chains follow this scaling, suggest that chromosome motion at these short time scales is independent of chain-chain and chain-wall interactions. At large lag times, different beads have different radius of confinement depending on their position within a chain. One way of differentiating these results is by calculating the plateau value; however the lack of a well-defined plateau in the MSD curves sometimes hinders this approach. Instead we use the effective spring constant as explained in reference 26, which roughly relates inversely to the plateau value.
Effective spring constant The effective spring constant of a given bead can be obtained from the standard deviation of the distribution of the bead positions. 26 Typical results for effective spring constants are shown Figure 4 . There is roughly an inverse relation between this curves and the plateau of the MSD curves discussed above. Large spring constants imply a smaller radius of confinement, Rc, Figure 3 . Mean-squared displacement (MSD) of selected beads within each chain. Short-lag time behavior is sub-diffusive, while the plateau a large lag times comes from the confinement of the nucleus wall and tethering of the chains. the inverse of the plateau value gives an approximation of the range of motion of the beads. 26 Beads close to the tethers explore smaller spaces than beads in the middle of the chain.
while a small spring constant is equivalent to loci that explores a larger space. A critical insight to biological function is the contribution of "tethers" to chromosome motion. If we have a single chain, tethered at both ends and without nuclear confinement (doubly tethered Rouse chain), its behavior is described by the dash lines in Figure 4 . Note that chromosome loci close to the tethers explore less space than loci in the middle. If in addition one includes a confining domain, like the nuclear membrane (solid lines), there is an increase of the "stiffness" of the chain, or a decrease on the radius of confinement. This indicates that the chains want to explore a space larger than that allowed by the dimensions of the cell. Finally, if we allow a chain to interact with other chains through excluded volume (symbols), there is a breaking of the symmetry, since different regions of the chains interact differently with other chains. For instance, the region around the centromere (beads 1) is more crowded than any other region. Due to this crowding the behavior of beads is mainly governed by cell confinement (symbols overlap with solid lines).
Mean-squared distance There are several ways to quantify the intermediate-scale properties within interphase chromosomes. One such way is to measure physical distances between pairs of fluorescently marked specific DNA sequences (see ref. 33) . These data are then used to construct a graph of mean-square 2D distance, <r 2 >, between two DNA probes as a function of their genomic separation along a chromosome. Figure 5A shows the resulting <r 2 > for adjacent beads, which corresponds to an average separation between DNA spots of ~5 kb in our model. Figure 5C gives <r 2 > for a 200 kb separation and similar graphs can be constructed for other separations. To obtain a value of <r 2 > for a given separation, say, 5 kb (first data point in the Fig. 5B ), one will take an average of the plots in Figure 5A (solid line). Note that this averaging will obscure the intra-chain dynamics observed in the figure, where is evident that <r 2 > depends on the distance of the probe from the centromere. Recall that the motion of beads close to the tethers is relatively similar, as shown in Figures 3  and 4 . However, Figure 5 suggests that Figure 4 . effective spring constants for four chains. the simplest model is that of a chain tethered at both ends, this model is known a doubly tethered rouse chain (dashed lines). In the rouse model 32 the only forces considered in eqn.
(1) are the drag, spring, and thermal forces. By adding interactions with the wall ( F wall), chains behave as if they were "stiffer" (solid lines). Since there is not interaction among chains, both the dashed and solid lines are symmetric with respect to the distance from the tether sites. Finally, the symbols correspond chains interacting through excluded volume. In this case, heterogeneity of motion is observed for beads as a function of their distance with respect to the centromere (bead 1).
the interaction between beads is different if they are close to the centromere, than if they are close to the telomere. This difference arises from the "crowding" of chains near the centromere (as shown in Fig. 7A ). Data from Figures 5A and C suggest that there exist other factors, besides motion, that dictate chain-chain interaction dynamics.
In addition, experimental data indicates that the mechanism of tethering is different in the centromere and telomeres. Figure 6A reproduced from reference 26 shows loci positions for wild type cells at different locations in the arm. Figure 6B shows positions for telomere sites. The range of motion for the telomere is larger than predicted for centromere-like tethers. Centromeres are tethered via microtubules to the spindle pole body, which is a large macromolecular structure (100 × 150 nm) embedded in the nuclear envelope. Telomere association with the nuclear envelope is dependent on protein-protein interactions, whose dissociation rates are considerably higher than centromere detachment from the microtubule. This telomere study indicates that all tethers are not equal, and highlights the state and magnitude of the tether as critical parameters moving forward, as they can readily be incorporated in the model. Finally, the model predicts that tethers, defined as any physical means that restricts motion, throughout the chromosome in living cells will influence motion of the adjacent loci. The homogeneous depiction we choose here, borrowed from polymer physics, may not be able to capture the wealth of tethering behavior that can occur in the nucleus. Tethering in polymers arise from entanglements and covalent cross-links between chains. In the chromosome they arise from microtubuledependent tethering of the centromere to a spindle pole body, or interaction of the telomere with sites on the nuclear envelop. Secondary tethers may arise from proteinprotein interactions between DNA binding proteins, entrapment in ring-like molecules, plectonemic structures, strand entanglement, binding of chromosomal components such as condensin, cohesin, or topoisomerase, or accumulation of replication or repair factories. These tethers, through their consequence on DNA dynamics, may be secondary drivers of gene activity and or gene silencing. In this sense, different parts of the chain can respond differently to the same binding complexes. This feature predicts that a given binding protein may have different consequences depending on the particular location of the target gene within the nucleus. As a consequence, predictive models need to include heterogeneous behavior of the chain properties and spatially dependent tethering dynamics when the experimental information becomes available.
Interaction heat maps Chromosome interactions are captured by recording the average distances between different sites in a given chromosome. Figure 7A shows a typical distribution of bead positions for our 4-chromosomes configuration. Figure 7B shows the corresponding contact map. Here the distances have been normalized, so that 1 is the maximum separation between any two beads in a given numerical simulation. Dark red represents beads "in contact" and blue are beads that in average don't come into contact. By plotting bead separation in this fashion the contact map captures both the intra-chain dynamics (main diagonal squares) and the interchain interactions (off-diagonal squares). This contact map illustrates that different chains rarely come into contact, (blue on the heatmaps), while within each chain there is a great deal of interaction. These heatmaps show in a compact form all the information contained in the mean-square distance discussed above. Figure 7B shows that chains 1 and 4, with corresponding telomere sites are closer to the centromere (Fig. 7A) , exhibit a more uniform distribution of bead separation compared with the other two chains. The main differences of these two chains, compared with chains 2 and (Fig. 5A and C) , where it is evident that bead separation depends on the particular location of the bead. For instance, in chain 2, Figure 5A indicates that the separation between beads 47-48 (segment 47) is in average 77 nm, and separation of beads 13-14 is 112 nm. While the average separation for adjacent beads reported in Figure 5B 3 are (1) interactions of these chains with the boundary wall are greater than in other chains. And (2) they have smaller territories, so that their range of motion is more restricted. These data suggest that territories location and size influence the interactions dynamics of different DNA regions.
If the locations of the telomere tethers are decreased to two (Figs. 7C-D) there is a marked effect on chain interactions. While chains 1-2 and 3-4 share the same tether sites, chains 3 and 4 (purple-green, Fig. 7C ) come into contact at greater frequency relative to chains 1 and 2 (bluered, Fig. 7D ). The position of the tether site dictates the shape of the territory in which a chain resides. This in turn, dictates the nature of the interactions of beads within that chain as well as the interactions with other chains. Since a polymer behaves like a spring whose restoring force is given by entropy, itself determined by the number of available configurations of the polymer chain, larger territories result in larger restoring forces. This causes the beads to increase their interactions in response to its own motion and the motion of other chains.
The polymer model of chromosome interactions has implications for DNA transactions such as DNA repair and chromosomal translocations. Increased DNA motility is observed upon DNA damage, but the precise driving mechanism has been unclear. The increased motion is a physical consequence following the release of internal constraints within a chain. Likewise, the incidence of specific translocations in natural human populations most likely reflects preferred chromosome territories.
Parameter Study
Previously we have shown that tethers affect the chain dynamics, through variations in the spring constant and MSD data. 26 In addition, from the meansquared distance and contact maps, we showed that the position of the tethers have a great influence on the nature of the chromosome interactions. 26 Here we investigate other model parameters that might also affect those dynamics and interactions.
Rigidity of the confining wall Instead of a hard wall confinement, where beads do not leave the circular domain, we assume a "soft-wall" where beads can leave the domain with a given probability. The probability of leaving the domain is governed by a normal distribution (Gaussian) with mean in the boundary and a given standard deviation. In Figure 8A , we show results of varying this standard deviation, σ.
In general, softer walls reduce the stiffness of the chain by allowing beads to explore a greater space. We note that the marked increased in the effective spring constant observed around bead 40 in chain 4, is reduced as the wall becomes softer and the behavior along the chain becomes more homogeneous. This is a consequence of the chain being able to explore more configurations. In a chromosome arm, the two extreme tethering points are the centromere and the telomere. Behavior of the telomere is fundamentally different from that of the centromere, implying different dynamics governing each site.
The biological consequence is that explored volume and chain heterogeneity are influenced by wall stiffness. The softer the wall the more space explored and the chain behaves more homogeneously. Whether the mechanical stiffening observed in cancer cells results in a commensurate change in chromosome motion remains to be tested.
However, it is known that mutations in nuclear lamins (underlying the nuclear envelop) lead to Progeria syndrome that has been linked to nuclear mechanics. 34 This change in the stiffness of the chains, results in changes in the interaction among chains as shown in Figure 8B . As the chains behave like "softer" springs, they tend to interact more with other chains, represented in the figures by a reduction of the "blue" regions in the contact maps. Moreover, although the addition of soft-wall boundary conditions is a global change, changes in the motion of the chains are not uniform. For instance, chain 4 exhibits the largest change and the magnitude of this change varies for different regions within the chain.
Persistence length
We vary the persistence length as shown in Figure 9A . In general, the flexibility of long polymers arises from the statistical From Eqn. (3), an increase in persistence length results in a decrease of the spring constant of the individual springs. However, if this was the only effect on the overall behavior, all the curves in Figure 8 should look similar with just a translation on the y-axis. On the contrary, we observe that not only the overall behavior is "shifted," but the intra-chain dynamics are also modified. Since the confining circle remains the same for all simulations (1 μm), by varying the persistence length we are also changing the way confinement affects the chain behavior. Beads in chains that have a small L p interact with the boundary more often than beads in chains that are stiffer. Roughly speaking, increasing the persistent length of a chain, decreases the influence the boundary has on its dynamics. Figure 9B shows that when L p is decreased the intra-chain interactions increase, as shown by larger dark red regions in the main diagonal squares.
Conversely, the inter-chain contact decreases, as the blue regions off the main diagonal become larger. This indicates that as the chains become stiffer, there is a preferred contact of beads belonging to different chains than of beads within the same chain. This can be understood from an energetic point of view, as L p increases "bending" becomes energetically unfavorable, resulting in fewer interactions of beads belonging to the same chain.
Stiffer and/or softer chains
Our next question is whether changing the stiffness of an individual chain affects the behavior of other chains. One of such results is shown in Figure 10 .
Note that from Eqn. (3) this change on stiffness is related to changes in persistence length. However, unlike our previous point, here we modify the properties of a single chain. The question is whether variations on the properties of a single chain can affect the global Figure 11 (See previous page) . (A) effective spring constant after cutting chain 4 at a given place. the total number of beads in a chain is 52. Breakage of a chain can affect the behavior of all other chains and these effects depend on the location of the breakage. (B) Interaction heat maps show an increase in chain interactions after breakage; however, where this increase occurs depends on the location of the breakage. Similar behavior is observed if other chains are cut. Figure 12 . effective spring constant after the telomere site of chain 2 becomes untethered. Black symbols correspond to results where all the chains are tethered at both ends. Color symbols correspond to the resulting behavior for the free motion of the telomere site of chain 2. Motion at the telomere end in chain 2 is increased, while motion of other chains might increase or decrease depending of the location within the chain. Similar behavior is obtained when the telomere site of other chains is allowed to move freely.
behavior. When chain 1 is stiffer, its range of motion is reduced as expected. One will also expect that the available space left by the restriction of motion of chain 1 will result in an increased motion of other chains. Recall that chain 4 has the smallest territory, since it telomere site is the closest to the centromere. Figure 10A shows an increase in the motion of chain 4 that is larger relative to that of chains 2 and 3. That is, chain 4 the takes the most advantage of "available space" left by chain 1. In comparison, chain 2 (the one with the largest territory) is the one that is affected the least by changes in the properties of chain 1. These results point toward a global response, as it is not the chain closest to chain 1 the one that is affected the most.
We said before that an increase in motion does not necessarily translate into an increase of the interactions within a chain and among chains. This result is confirmed in Figure 10B , where even though chain 4 is the one with the largest increase in motion, it is chain 3 the one that shows the largest increase on interactions with other chains (less blue spots in the heatmap).
Single double strand DNA break: Cut one chain
In this numerical experiment we break chain 4 at one place. Figure 11A shows that chain breakage not only increases mobility (smaller spring constant) of the broken chain but also that of the uncut chains. The increase in motion is simply a consequence of the freedom afforded by release of the chain, and is supported with experimental observation. 35, 36 Interestingly, the exact location of the break plays a significant role in the resulting dynamics. Cutting the chain closer to the centromere (bead 15) results in a higher increase in mobility of the two cut segments. However, cutting the chain close to the telomere (bead 40) results in a higher increase in mobility of the uncut chains. Similarly, Figure 11B shows that interaction among chains after a cut, also depends on the location of the cut. Counter to intuition, "neighbor" chains are not necessarily the chains that have the greater magnitude of response. Rather, the response of other chains depends on the location of the telomere of the cut and uncut chains. This could be a regulated event, in that when one homolog is cut, the telomere of the homologous chromosome may be subject to regulation to tune interactions with homologous and non-homologous chromosomes.
Free telomere
We allow the telomere site of chain 2 to be detached from the wall and move freely in the domain. The resulting behavior in Figure 12 shows an increase in the motion of chain 2 (smaller spring constant). And, as with previous results, this change on the dynamics of chain 2 has a global effect on the other chains. However, the increase or decrease of the motion of a given chain is not uniform across the chain. For example, chain 1 shows a reduced motion for beads close to the centromere and an increase in motion for beads close to the telomere site. Similarly, the reduction of the motion around bead 40 observed in chain 4 is translated toward the middle of the chain.
Consistently with our previous numerical experiment, these data suggest that regulations of the dynamics of a telomere site can be exploited to regulate the motion and interaction dynamics of specific regions in other chains.
Conclusions
The polymer model described here provides a powerful tool that allows inquiring into non-trivial and experimentally testable consequences from studies of chain dynamics and modifications of simple model parameters. Without any assumptions of higher structural order or biochemical functions, other than modeling chromosomes as tethered polymer chains, we show how qualitatively predictions about experimental results can still be made.
Overall, it is not possible to modify a single chain without changing the global behavior of all the chains in the domain. This indicates that there exist several mechanisms in place that allow the cell to take advantage of the polymeric nature of chromosomes to perform remarkable tasks.
Further refinement of the model must include other species, e.g., proteins complexes; local changes in the chromosome chains, e.g., chromosome remodeling during transcription; and analysis of the effects the boundary conditions have in the chain dynamics.
Disclosure of Potential Conflicts of Interest
No potential conflict of interest was disclosed.
